Restricting the growth of the embryo can cause adverse whole-of-life changes in an organism's homeostasis. Such adverse long-term consequences may occur even when growth restriction occurs only during the preimplantation period. The molecular basis for these long-term effects has not been defined, although an epigenetic mechanism is suspected. Some loci seem to be more sensitive to epigenetic perturbation than others, and the agouti viable yellow allele (A vy ) is the best studied example of this. It has active (hypomethylated) and inactive (hypermethylated) epialleles. This study used the A vy model to show that growth restriction of preimplantation embryos, as provided by culture of zygotes, induced persistent epigenetic changes that resulted in altered postnatal phenotype. C57BL/6 A vy /a males were mated to ovulation-induced FVB/N females, and then either zygotes were collected and cultured for 96 h and the resulting blastocysts were transferred to pseudopregnant recipient females, blastocysts were collected from females and transferred without embryo culture, or pregnancy was allowed to proceed after mating without intervention. Culture was in a commercial human in vitro fertilization media. The proportion of pups expressing the active (hypomethylated) epiallele and yellow coat was significantly higher following zygote culture compared to embryos that were transferred without culture (P ¼ 0.014) or natural matings (P , 0.001). There was no difference in expression of the active epiallele in pups resulting from embryo transfer (without culture) compared to natural matings. These results show for the first time that the preimplantation embryo's growth environment can affect the postnatal expression of a defined epigenetically sensitive allele.
INTRODUCTION
Restricting the growth of the embryo or fetus causes compensatory changes that can lead to deleterious whole-oflife changes to an organism's homeostasis. Growth restriction as early as the preimplantation stage of embryo development can result in these adverse long-term outcomes. A reduction in maternal nutrition during the preimplantation phase of pregnancy caused the resulting rat blastocysts to be populated by fewer cells (particularly within the inner cell mass). The resulting progeny had altered birth weight, postnatal growth rates, hypertension and alterations in organ/body-weight ratios [1] , and abnormal anxiety-related behavior, especially in females [2] . These changes occurred even though the level of nutrition was returned to normal throughout the remainder of pregnancy. Growth restriction during the preimplantation phase of pregnancy resulted in changes in the activity of the visceral yolk sac endoderm, and this was interpreted as a compensatory response to the earlier growth restriction [2] .
Another perturbation that leads to growth restriction of the preimplantation embryo is their culture in vitro. Culture of mouse embryos from the two-cell stage also resulted in blastocysts with fewer cells (both inner cell mass and trophectoderm) than controls. After embryo transfer, there was little effect on postnatal growth, but progeny had increased systolic blood pressure [3] . When embryos are cultured from the zygote stage and then transferred, progeny had a normal birth weight but reduced postnatal growth rate and altered organ weights [4] . Importantly, when these progeny where mated naturally, some of the adverse effects of zygote culture persisted into the progeny of the next generation [4] . This result shows that the programming events that occur as a consequence of the preimplantation embryo growth restriction can persist into a subsequent generation.
In vitro culture of the early embryo can result in broadranging acute changes in the pattern of gene expression [5] [6] [7] [8] [9] [10] [11] [12] , raising the question of whether this is the basis of the long-term programming. It is observed that dietary restriction of methyl donors in ewes during the periconceptual period also results in adverse phenotypes in progeny. This was associated with changes in the methylation status of ;4% of CpG islands studied in progeny, implying that modification of the epigenetic status of a small subset of genes may be a cause of the programming events [13] .
The highly canalized nature of development has suggested that the net effect of epigenetic regulation is robust. In recent years, however, a number of loci have been identified that are epigenetically labile and can be modified by environmental factors. Indeed, in humans 9% of 4000 loci examined show stable random monoallelic silencing [14] . The agouti viable yellow (A vy ) allele in mice is one of the best-characterized alleles that displays a labile epigenetic state. The allele is classed as a metastable epiallele: it can switch between relatively stable inactive and active states [15] . This epigenetic event occurs without any change in the DNA sequence of the allele. The two different epigenetic states result in different phenotypes in adult mice. Mice with active A vy alleles have a yellow coat color, mice with silent alleles have a coat color similar to the wild-type agouti pattern (referred to as pseudoagouti), and some mice are mosaics of active and inactive alleles and have a variegated or mottled coat (a mix of yellow and pseudoagouti) [15, 16] . As a consequence of this variable expressivity, progeny within a litter may display any of these phenotypes. It is noteworthy that mice with the active epiallele also become obese and have a propensity for development of diabetes [17] . Thus, changes in the epigenetic expression of a single gene can have extensive phenotypic effects on homeostasis.
The A vy allele is the result of an intracisternal type A-particle (IAP) repeat element present within the agouti locus [17] . Cytosine bases within the long terminal repeat (LTR) of this element may be either heavily methylated (which results in transcriptional repression) or hypomethylated (and thus capable of expression). As a consequence of this differential methylation, the alleles show variable expressivity between isogenic individuals [16] . Thus, inbred C57BL/6 A vy /a mice can have markedly different phenotypes depending on the epigenetic status of this locus. While expression between individuals varies, the proportion of offspring displaying a given epigenetic state is relatively stable within a given pedigree. This can be perturbed, however, by developmental exposure to environmental factors, such as methyl supplements and genistein in the maternal diet [18] [19] [20] and maternal exposure to environmental toxins [21] . These treatments result in marked shifts in the expression of each epigenetic state in progeny. The lability of the epigenetic state of this allele under different environmental conditions may make it a useful tool for assessing whether the developmental origins of postnatal phenotypic variability involve epigenetic modifications.
The current study starts with the premise that if perturbing early embryo growth has long-term epigenetic consequences, these are most likely to be detected by assessment of the effects on an epigenetically sensitive allele such as A vy . We test the hypothesis that culture of zygotes to the blastocyst stage will result in a shift in the expressivity of this epiallele in the resulting progeny compared to embryos not exposed to culture. We used embryo culture conditions that are similar to those used for human embryo culture and that have been previously shown to result in changes to postnatal phenotype in the mouse [4] .
MATERIALS AND METHODS

Mouse Embryo Culture and Transfer
Animal procedures were approved by the Royal North Shore Hospital Animal Care and Ethics Committee. Embryos were produced by mating A vy /a males (in C57BL/6 background) with A/A females (FVB/N). Embryos were 1) cultured from the zygote stage to blastocyst stage and transferred to pseudopregnant recipients (zygote culture), 2) collected from the uterus as blastocysts and transferred to recipients without culture (blastocyst transfer), or 3) allowed to develop to term in situ in the uterus of the mated female (in situ). Mice in groups 1 and 2 were induced to superovulate by injection of 5 IU eCG (Intervet International) and, 48 h later, 5 IU hCG (Intervet International) and then placed with fertile males overnight. Mice in group 3 were not superovulated but placed with fertile males until mating had occurred.
Embryo collection, culture and transfer were as previously described [4] . Briefly, zygotes were collected 20 h post hCG injection from females. Oviducts were dissected from mated superovulated females and the zygotes released into 3 ml of Sydney IVF Oocyte Wash buffer (Cook Women's Health, William A. Cook Australia Pty., Ltd.) by tearing the infundibulum. Zygotes were briefly exposed to hyaluronidase (300 U/ml) to disperse remaining cumulus cells and immediately washed three times in Sydney IVF Oocyte Wash Buffer. Zygotes were cultured for 48 h in pre-equilibrated Sydney IVF Cleavage Media (Cook Women's Health) then 48 h in Sydney IVF Blastocyst Media (Cook Women's Health). Embryos were cultured in groups of 10 in 10 ll of media under oil in 60 3 10 ll/well culture plates (Nunc). In the hour prior to transfer, blastocysts of normal morphology were transferred to a 50-ll drop of pre-equilibrated Sydney IVF Blastocyst Media for loading into the transfer pipette. Control embryos for blastocyst transfer only, without culture from the zygote stage, were collected 88 h post hCG by flushing with Sydney IVF Oocyte Wash Buffer from the dissected uterine horns of 3.5-day post coitum (dpc) mated superovulated females. The blastocysts were washed three times in Sydney IVF Oocyte Wash Buffer and transferred to a 50-ll drop of pre-equilibrated Sydney IVF Blastocyst media and kept at 378C, 5% CO 2 , until transfer (approximately 1 h). Blastocysts with normal morphology were transferred to 2.5-dpc pseudopregnant females. Pseudopregnant mice were anesthetized with an i.p. injection of 2.5% (w/v) avertin. Following incision through the skin and peritoneum, the ovarian fat pad was gently pulled out to expose the ovary, oviduct, and uterus. Blastocysts (eight per uterine horn, both uterine horns per recipient) were transferred to each anesthetized recipient. The blastocysts in minimal media were taken into a glass capillary transfer pipette that was inserted into the lumen of the uterus following puncture of the uterine wall with a sterile single use 29-gauge needle, and the blastocysts were expelled. Transferred pups were weighed and counted on their day of birth and at weaning 21 days postpartum.
All embryos were derived from FVB/N A/A female (Animal Resource Centre) 3 C57BL/6 (C57) A vy /a male (Gore Hill Research Laboratory) crosses. Quackenbush Swiss strain Q(S) (Gore Hill Research Laboratory) were used as pseudopregnant recipients after mating with vasectomized males. The resulting progeny were phenotyped for coat color at weaning and subsequently genotyped for the A vy allele.
Genotyping
The genotype (A vy /A or a/A) of progeny was determined using primers specific for the A vy allele (GGCTTCCCACACCATTTC, GGCCAGGAAA-GAAGGAAACT) and the a allele (CACCCTCCAAGTGAAAGGAA, TGA-GACCCTCAAGCCTCACT), using standard PCR conditions for AmpliTaq (Applied Biosystems), with annealing at 608C.
Bisulfite Sequencing
Bisulfite sequencing of the A vy allele in tail DNA was performed as previously described [22] . Seminested primers as shown (see Fig. 2 ; P1, GAAAAGAGAGCAAGAAGCAAGAGAG; P2, GGAGTTTAGCACA-TACCTTCTGGGACCCC; P3, GCTGCAGAGGCTCAAGGACTC) that amplify the relevant long terminal repeat (LTR) of the IAP inserted at the allele were used [23] . Standard PCR conditions for AmpliTaq (Applied Biosystems) were used to amplify bisulfite converted DNA (initially 15 cycles, annealing at 588C, with P1 and P2, then a subsequent reaction of 15 cycles, annealing at 588C, with P1 and P3). The products were cloned using a TOPO TA Cloning Kit for Sequencing (Invitrogen), and individual clones were sequenced by SUPAMAC (University of Sydney).
Statistical Analysis
The effect of treatment on the proportion of litters from transfers was made using a chi-square test. ANOVA and multinomial logistic regression were performed using SPSS v.14.0 for Windows (SPSS Inc.). Multinomial logistic regression analysis of the effect of treatment on coat color was performed. The number of A vy /A and A vy /a pups in each pup's litter was entered into the statistical model as a covariate.
RESULTS
The A vy /A progeny resulting from zygote culture were more likely to have a yellow coat color than either of the two control groups (compared with blastocysts transferred without culture, P ¼ 0.014, compared with pregnancies without intervention, P , 0.001; multinomial logistic regression analysis). There was no difference (P . 0.05, multinomial logistic regression analysis) in coat color distribution between the two control groups (Fig. 1) . Bisulfite analysis of the A vy allele in a representative selection of yellow and pseudoagouti mice showed that the allele in yellow mice had extensive DNA hypomethylation of cytosine bases, compared to pseudoagouti progeny following all treatments (Fig. 2) . This shows that the increased incidence of yellow mice in the treatment group was a consequence of changes in the epigenetic status of the A vy allele.
EMBRYO CULTURE AFFECTS LONG-TERM EPIGENETIC STATE
Of the zygotes collected, 63.5% (of 1773 zygotes) developed to morphologically normal blastocysts after 96 h in culture. Both embryo transfer groups were equally likely to produce a litter (zygote culture 61.2% of 49 recipients vs. blastocyst transfer 70.3% of 37 recipients, P . 0.05, chi-square test), and there was no difference (P . 0.05, ANOVA) in the average size of the litters born or the number of pups weaned (Fig. 3A) . There was no significant difference from the expected 1:1 ratio of A vy /A:a/A pups weaned (Table 1 ; P . 0.05, chi-square test). This shows that there was no differential survival of embryos carrying the A vy allele. There was no effect of culture on the mean weights of pups at birth or of a/A pups at weaning 21 days postpartum ( Fig. 3B ; P . 0.05, ANOVA). The litter size at weaning of undisturbed pregnancies (in situ) was higher than either group involving transfer of blastocysts ( Fig. 3A ; P , 0.01, ANOVA).
There are more males than expected (Table 1) among A vy /A progeny of the cultured zygote group (P , 0.01, chi-square test) but not in a/A progeny of the cultured group or any progeny of the other two treatment groups. Although the reason for this is not clear, the proportions of yellow, mottled, and pseudoagouti pups did not differ significantly between males and females (P . 0.05, multinomial logistic regression), so this sex ratio distortion was not likely to be related to the expression of the A vy allele. The results show that culture of zygotes resulted in the birth of more pups that expressed an active A vy epiallele, resulting in more pups with a yellow coat color. This was apparently not due to different survival of embryos of a given genotype, nor was it due to the consequence of superovulation or embryo transfer to a pseudopregnant recipient dam.
DISCUSSION
This study shows that the culture of zygotes to the blastocyst stage caused a shift in the expression of a defined epiallele in the resulting progeny. The result was not attributable to the processes of embryo transfer or ovulation induction without culture. This change in the expression of the A vy epiallele was accompanied by changes in its cytosine methylation, showing the allele's long-term memory of embryo culture had an epigenetic basis. It is noteworthy that expression of the active form of this epiallele predisposes animals to obesity and the onset of diabetes [17] .
In this study we did not find any effect of culture on the embryo's viability compared to embryo transfer alone (as assessed by birthrates), and this is consistent with the wellknown tolerance of hybrid embryos to the effects of embryo culture [11] . A possible explanation of the excess yellow progeny observed in the zygote culture group could be the preferential survival of embryos with an active epiallele compared to all others. If this occurred, we would expect to find an increased ratio of A vy /A progeny relative to a/A progeny, but this was not observed. The increase in yellow progeny was apparently not due to different survival of embryos of a given epigenotype or genotype.
We also did not see an effect of zygote culture on the birth weight or weight at weaning of progeny. The birth weight result is consistent with a similarly designed earlier study [4] , although that study did see a small decrease in the weaning weight of progeny resulting from culture that was not observed here. This difference in results may be due to a difference in the background strains or because this study examined effects on F1 hybrid strains, whereas the earlier study used F2 hybrids. Most noteworthy is that although the current study did not detect changes in gross morphometric parameters in progeny at weaning, it still showed very pronounced changes in the expression of the sensitive epiallele tested. This may be of broader importance since the generally normal health of offspring resulting from assisted reproductive technologies is often cited as evidence for the technologies being without effect on progeny. The current study indicates that the expression of a subset of epigenetically labile genes may be altered as a consequence of embryo manipulation.
The potential epigenetic risks of embryo manipulation have been the subject of much discussion, particularly with respect to aberrant expression of imprinted genes [6, 8, 9, 24, 25] . Imprinted genes are characterized by their monoallelic expression, with the pattern of expression being governed by the allele's parent of origin. A recent study [25] of similar design to the current study showed that, compared to untreated embryos, those cultured from the two-cell stage, subjected to embryo transfer and analyzed at 9.5 days postcoitum, displayed variable but extensive aberrant expression of several imprinted genes in extraembryonic tissue (including the yolk sac). Expression of imprinted genes in embryonic tissues was less affected. Biallelic expression was associated with loss of methylation at imprinting control regions in extraembryonic tissues; however, this was not observed in embryonic tissues.
FIG. 1. Phenotypes of pups following different growth environments.
The distribution (proportion of pups) of coat color phenotypes of progeny of each treatment are shown (total A vy /A pups analyzed following each treatment); light gray, dark gray, and black areas represent yellow, mottled, and pseudoagouti pups, respectively. Significance of difference in distribution (multinomial logistic regression): **P , 0.01; *P , 0.05; NS, Not significant (P . 0.05). Embryos were cultured from the zygote stage to blastocyst stage and transferred to pseudopregnant recipients (zygote culture), collected from the uterus as blastocysts, and transferred to recipients without culture (blastocyst transfer) or allowed to develop to term in situ in the uterus of the mated female (in situ).
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Since perturbed placental function is known to influence homeostatic programming in progeny [26] , one interpretation of these results is that an epigenetic basis for postnatal programming occurred indirectly via perturbed placental function. This interpretation is supported by the observation that the adverse postnatal phenotype associated with low protein nutrition during the preimplantation phase is associated with changes in yolk sac function during gestation [2] . This study analyzed expression in live progeny, and the design did not enable us to examine the effect of transfer on extraembryonic tissues or the resident embryos during gestation.
While the incidence of loss of imprinting defects in IVF progeny may be elevated (e.g., there have been several reports of an elevated incidence of epigenetic imprinting disorders such as Beckwith-Wiedermann [27, 28] and Angelman [29] syndromes), the incidence of this is still low. This is consistent with the apparently protected status of the fetus from loss of imprinting observed in the mouse [24, 25] . By contrast, this current study indicates that the fetus does not protect the A vy epiallele from alterations to its epigenetic state induced by culture. A vy expression can also display an effect of its parent of origin, yet this does not meet the classical definition of an imprinted gene. Imprinted alleles often show modifications in cis that are acquired in the male and female germline and are maintained through early development [30] . By contrast, the A vy allele shows biallelic demethylation in the early embryo, followed by stochastic partial remethylation during development [23] . The stochastic remethylation is influenced by the parent of origin and in some cases whether the parents allele was active or repressed [15, 16] .
Thus, metastable epialleles represent a separate class of loci that are presumably under different forms of regulation than imprinted genes. The nature of this regulation is currently not well understood. It is known that the allele can be inherited methylated or unmethylated both maternally and paternally. If methylated in the zygote, DNA methylation is removed during preimplantation epigenetic reprogramming by the blastocyst stage. DNA methylation in some fetuses is present by   FIG. 2. DNA methylation of the LTR at the A vy allele. A) The A vy allele results from the insertion of a 4.5-kb IAP repeat element into pseudoexon 1A (PS1A) of the agouti locus, 100 kb upstream of the coding regions (not to scale) [17] . B) The LTR at one end of the IAP is shown in detail: transcription of the A vy allele can start at the promoter site indicated (*); circles mark CpG sites of potential DNA methylation. Bisulfite sequencing of the upper strand with primers indicated (P1, P2, P3 ) was used to analyze the DNA methylation of this allele at 10 CpG sites (horizontal bracket) within the final amplicon. C) Yellow and pseudoagouti epialleles were analyzed following each preimplantation growth environment condition in tail DNA (3 wk old). A representative sample of 20 bisulfite sequencing clones is shown. Methylated cytosines are indicated by solid black circles. Clones from the same mouse tail are grouped as shown by a vertical line to the left of the representations of the sequence. The percentage of all CpG sites methylated on the sequenced strand is shown (number of CpGs, number of mice) for all sequenced clones. At least 20 clones were sequenced from each category from at least three independent DNA samples, at least three independent PCRs, and at least three independent cloning reactions.
EMBRYO CULTURE AFFECTS LONG-TERM EPIGENETIC STATE
Embryonic Day 12.5 [23] . The epigenetic modifiers PCGF2 (also known as Mel18), SMARCA5 (also known as Snf2h), and DNMT1 have been shown to affect the reprogramming of the allele [23, 31] . In the current study design, the A vy allele was paternally inherited. It is known that the paternal allele is rapidly demethylated after fertilization [23] . The level of methylation remains low through to the blastocyst stage and differential remethylation occurs by midgestation [23] .
Interestingly, in the Rivera study [25] , embryos subjected to embryo transfer alone (without culture) also showed some aberrant expression of imprinted genes in extraembryonic tissue but with a lower incidence than cultured embryos. In the current study, the proportion of yellow progeny resulting from the embryo transfer was numerically higher than untreated controls, but this difference was not statistically significant. Both studies use recipient females of a different strain, which is a standard design of embryo transfer procedures. This has the advantages of allowing the unequivocal identification of progeny as being uniquely sourced from the donor. Yet the design means that progeny of embryo transfers and undisturbed pregnancy are not strictly comparable. This does not allow us to examine an effect of strain on epigenetic programming of progeny. Although this factor had no statistically significant effect on progeny in this study, future studies should include further controls to examine this question.
The A vy epiallele provides a tractable model for assessing the molecular consequences of growth restriction during the preimplantation stage of embryo development on epigenetic reprogramming during development. Our knowledge of epigenetic events does not currently allow us to make a judgment on how widely the mechanisms involved in the regulation of A vy are used throughout the rest of the genome. The epigenetically labile element within the allele is a stable transposable element, and such elements represent up to 45% of the human genome [32] . It is likely, therefore, that the effect of transposable elements on gene regulation is not unique to the agouti locus. The observation that 9% of 4000 human genes displayed random monoallelic silencing [14] indicates that epialleles may be relatively common, although a full description of the molecular basis for this extensive monoallelic expression is awaited. Modifiers of the epigenetic regulation of A vy are also involved in X inactivation [31, 33] , which undergoes epigenetic reprogramming at similar stage of development as observed for A vy [34] . Further investigation is warranted to determine whether these modifiers or X inactivation are affected by embryo culture. The use of the A vy epiallele has a further important aspect. It has been shown to display epigenetic transgenerational inheritance under some circumstances [16] and may thus prove to be a suitable model for assessing risks of cross-generational effects of perturbing early embryo development.
The media used in this study was a commercial media of modern sequential design widely used internationally in clinical human assisted reproductive technology programs. This media is similar in design to other sequential human culture media, all of which can sustain mouse development from the zygote stage to the blastocyst stage as well as or better than commonly used mouse embryo culture media for some strains of mice [35] .
This study indicates that culture of zygotes in vitro perturbs epigenetic reprogramming of A vy by skewing the reprogramming in a manner that favors the active state of the epiallele. The mechanism by which this occurs warrants further analysis. In light of this work, the preimplantation environment should be further assessed for its contribution to variability in postnatal health and disease, and the molecular basis of this phenomenon requires continued investigation. Female  38  34  Male  34  61  Total  72  95  Transfer only  Female  30  31  Male  27  33  Total  57  64  In situ  Female  58  50  Male  61  57  Total  119  107 622
